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Dissociating gas hydrates, submerged permafrost, and gas bearing sediments release
methane to the water column from a multitude of seeps in the Arctic Ocean. The seeping
methane dissolves and supports the growth of aerobic methane oxidizing bacteria (MOB),
but the effect of seepage and seep related biogeochemical processes on water column
dissolved organic matter (DOM) dynamics is not well constrained. We compared dissolved
methane, nutrients, chlorophyll, and particulate matter concentrations and methane
oxidation (MOx) rates from previously characterized seep and non-seep areas at the
continental margin of Svalbard and the Barents Sea in May and June 2017. DOM
molecular composition was determined by Electrospray Ionization Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR MS). We found that the chemical
diversity of DOM was 3 to 5% higher and constituted more protein- and lipid-like
composition near methane seeps when compared to non-seep areas. Distributions of
nutrients, chlorophyll, and particulate matter however, were essentially governed by the
water column hydrography and primary production. We surmise that the organic
intermediates directly derived from seepage or indirectly from seep-related
biogeochemical processes, e.g., MOx, modifies the composition of DOM leading to
distinct DOM molecular-level signatures in the water column at cold seeps.
Keywords: methane hydrate, methane oxidation, methane oxidizing bacteria, arctic ocean, Fourier-transform ion
cyclotron resonance mass spectrometry, nutrients
INTRODUCTION
Dissolved organic matter (DOM) is the operationally defined mixture of organic compounds that
passes through a 0.7 µm pore size filter (Repeta, 2015) and constitutes the largest reservoir of organic
carbon in the oceans. Marine DOM has not been chemically characterized explicitly to date but
60–70% of the structural variability has been classified as major functional groups (Carlson and
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Hansell, 2015). The distribution and the composition of DOM are
mainly controlled by the bioavailability of these groups. The
major part (humic acids, condensed aromatics, black carbon etc.)
is considered refractory and remains in the water for years or even
millennia (Williams and Druffel, 1987; Amon and Benner, 1994;
Lechtenfeld et al., 2014). More biologically reactive DOM in the
ocean, considered as bio-labile DOM (amino acids, sugars,
proteins etc.), is available to heterotrophic microorganisms
and rapidly remineralized by prokaryotes in the upper layers
of the water column (Carlson et al., 1994; Carlson et al., 2010;
Koch et al., 2014). Bio-labile DOM is produced and transformed
by numerous biological processes including extracellular release,
excretion, cell lysis, solubilisation and chemosynthetic processes
(Carlson and Hansell, 2015).
DOM in the ocean is predominantly derived from biological
processes, carrying a unique signature, which may comprise a
fingerprint of the surrounding ecosystems. One distinct
ecosystem of the Arctic Ocean involves cold seeps and
methane bearing sediments in which methane emanates from
seeps due to dissociation of methane hydrates (Westbrook et al.,
2009; Ferré et al., 2012; Berndt et al., 2014; Sahling et al., 2014).
Only a limited portion of the seeping methane reaches the
atmosphere (Graves et al., 2015; Myhre et al., 2016; Steinle
et al., 2016), while the major part remains in the water
column as dissolved gas. Concentrations of methane may
reach up to thousands times higher than background levels at
seeps, yet decreases rapidly with the distance from the point
source predominantly as a result of bacterial oxidation, lateral
diffusion, and upward mixing (Graves et al., 2015; Silyakova et al.,
2020). Microbial oxidation of methane (MOx), performed by
methane oxidizing bacteria (MOB) which convert methane into
methanol and formaldehyde, is the major removal mechanism of
dissolved methane in ocean waters (Reeburgh, 2007; Murrell,
2010). Formaldehyde is then further used in the catabolism
(i.e., oxidized to carbon dioxide to supply energy) or in the
anabolism (i.e., incorporated into organic compounds to be
used as building blocks for growth) (Hanson and Hanson,
1996). Previous culture experiments suggest that MOB
produces a variety of organic acids and chemical products as
intermediates (Kalyuzhnaya et al., 2013).
The contribution of cold seeps into marine DOM has never
been documented despite its potential importance in waters
receiving methane from seeps. The main objective of this
study is to document the effect of methane seeps on DOM
composition at cold seep sites at the continental margins of
Svalbard and in the Barents Sea. Our main hypothesis is that
methane-driven microbial processes such as MOx and/or seep-
associated microbial modifications result in microbial discharge
of metabolic intermediates that alter the molecular composition
of DOM in the water column at cold seeps.
METHODS
Study Area
We collected samples near methane seepages with various
hydrographic properties and bathymetric features during two
research expeditions with R/V Helmer Hanssen between 16–29
May (CAGE-17-1) and 23–28 June 2017 (CAGE-17-2). Samples
were collected at 18 stations at six different sites (Figure 1 and
Table 1) comprising two deep water stations at the Vestnesa
Ridge (VR) and Yermak Plateau (YP), eight stations at the
shallow shelf west of Prins Karls Forland (PKF), two stations
at the southern end of Storfjordrenna (SS), three stations at
Storfjordrenna pingos (SP) and three stations at the Olga
Basin (OB) in the Barents Sea (Figure 1). At all sites, non-
seepage stations were also sampled as a control that had similar
water masses but only background methane concentrations.
Active seeps were located with the ship-mounted EK60 single-
beam echosounder. Based on echosounder data, we defined
sampling stations that were literally located above active seeps.
These stations are considered seep stations, while the others are
considered non-seep stations (Table 1). The only exception was
station PKF-1 which was not exactly located above seeps but
surrounded by numerous seeps and located in the flow direction
of many others (Figure 1).
Sampling and Storage
Seawater was sampled from discrete water depths (Table 1)
during up-casts of a rosette sampler with 12 × 5 L PTFE lined
Niskin bottles and a Sea-Bird 911 plus CTD (Conductivity
Temperature Depth) with accuracies of 0.3 db, 0.001°C, and
0.002 for pressure, temperature and salinity, respectively.
Dissolved oxygen data were collected using an SBE 43 oxygen
sensor (calibrated by Winkler (1888) titration) attached to the
CTD. Distribution of chlorophyll fluorescence and turbidity were
determined at all stations by Setpoint sensors. All sensor
measurements were averaged in 1 m depth bins. Methane and
MOx samples were collected immediately after recovery of the
rosette on-board. Samples for methane analysis were carefully
filled (to prevent bubble formation) into 120 ml (1250 ml for non-
seep surface samples) serum bottles amended with 1 M sodium
hydroxide solution to stop microbial activity and crimped with
butyl rubber septa. Samples were vigorously shaken and stored at
4°C until analysis.
For MOx rate measurements, 20 ml crimp top vials were filled
bubble-free with seawater sample, capped with bromobutyl
rubber stoppers that do not impede MOx activity (Niemann
et al., 2015). Samples were processed immediately after sampling.
Samples for DOM, particulate matter, chlorophyll a (Chl a),
and nutrients were collected in acid-washed (2% HCl) glass
bottles (4 × 1000 ml) and stored at 4°C in the dark before
processing. Samples were filtered within 6 hours after
collection by applying low-pressure vacuum (50 mmHg).
Triplicates of particulate matter and Chl a samples were
collected on GF/F filters (Whatman) using 1 L of water for
each sample. Particulate matterfilters were dried and stored at
25°C until X-ray fluorescence analysis. Chl a filters were folded
twice in half, placed in 10 mL high density polyethylene tubes
(HDPE), and stored at −80°C. The filtrate was collected into pre-
rinsed 60 ml HDPE bottles, stored at −20°C, and used for the
determination of the concentrations of nitrate, nitrite, phosphate,
silicate, ammonia, dissolved organic carbon (DOC), total
dissolved nitrogen, and total dissolved phosphorus.
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For solid phase extraction DOM1 L of filtrate was extracted on
500 mg styrene divinyl benzene polymer type cartridges (PPL,
BondElut, Agilent Technologies) using a procedure modified
from Dittmar et al. (2008). Briefly, filtrates were acidified to
pH 2 by HCl (37% v/v, Merck) and transferred into pre-
conditioned (6 ml methanol + 12 ml water) solid phase
extraction cartridges. Next, 12 ml pH 2 water were flushed
through the cartridge and cartridges were dried under air
vacuum for 30 min. Concentrated DOM samples were eluted
into combusted, Teflon capped amber glass vials by 2 ml
methanol and stored at −20°C in the dark until FT-ICR MS
analysis.
Biochemical Analyses
Nitrate + nitrite (further nitrate), silicate, phosphate, ammonium,
total dissolved nitrogen and total dissolved phosphorus
FIGURE 1 | Bathymetric map of sampling areas around Svalbard. Pale red and blue dotted lines show directions of the warm West Spitzbergen Current and cold
polar currents, respectively. Five insets are shown tomagnify the sampling areas with individual spatial scales alongwith knownmethane seeps indicated by the red dots.
Sampling stations within the insets are indicated by the blue dots and further information is provided in Table 1.
TABLE 1 | Detailed information of the sampled stations listing sample regions, sampling stations, station location, methane seep characteristic, water depth, and sampling
depth of water samples.




Prins Karls Forland PKF-1 78° 40’ 02’’ 09° 35’ 33’’ Yes 195 5, 25, 171, 192
PKF-2 78° 33’ 09’’ 10° 05’ 53’’ Yes 110 5, 25, 88, 108
PKF-3 78° 29’ 46’’ 10° 24’ 53’’ Yes 117 5, 25, 93, 113
PKF-4 78° 33’ 56’’ 10° 10’ 33’’ Yes 81 5, 25, 56, 78
PKF-5 78° 34’ 58’’ 10° 17’ 48’’ No 122 5, 25, 100, 120
PKF-6 78° 37’ 08’’ 10° 30’ 21’’ No 125 5, 25, 103, 123
PKF-7 78° 37’ 39’’ 10° 35’ 13’’ No 76 5, 26, 53, 73
PKF-8 78° 33’ 15’’ 09° 26’ 31’’ Yes 405 5, 25, 380, 402
Yermak Plateau YP 79° 37’ 33’’ 07° 30’ 12’’ No 822 5, 50,131,400,774,817
Vestnesa ridge VR 79° 00’ 05’’ 06° 56’ 49’’ Yes 1207 5, 50, 600, 1150, 1195
Storfjorrenna south SS-1 75° 50’ 20’’ 16° 38’ 49’’ No 345 5, 50, 170, 295, 340
SS-2 75° 50’ 25’’ 16° 37’ 29’’ Yes 350 5, 49, 170, 295, 347
Storfjordrenna pingos SP-1 76° 06’ 24’’ 15° 58’ 05’’ Yes 383 7.5, 28, 357, 375
SP-2 76° 06’ 21’’ 16° 02’ 29’’ No 386 5, 25, 363, 384
SP-3 76° 06’ 47’’ 16° 00’ 12’’ No 387 5, 25, 365, 384
Olga basin OB-1 76° 46’ 53’’ 35° 11’ 28’’ No 158 5, 25, 135, 155
OB-2 76° 46’ 51’’ 35° 11’ 15’’ No 159 5, 25, 60, 100, 135, 155
OB-3 76° 51’ 04’’ 35° 25’ 57’’ Yes 154 5, 25, 60, 130, 150
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concentrations were measured colorimetrically (Grasshoff et al.,
1999) by a segmented flow nutrient analyzer system (ALPKEM
Flow Solution IV, OI Analytical). Dissolved organic nitrogen
(DON) and dissolved organic phosphorus (DOP) concentrations
were calculated by subtracting concentrations of nitrate +
ammonium (DIN; dissolved inorganic nitrogen) from total
dissolved nitrogen and phosphate from total dissolved
phosphorus.
DOC concentrations were measured based on a high-
temperature combustion technique (Qian and Mopper, 1996;
Peterson et al., 2003). Unthawed samples were allowed to
equilibrate at room temperature and acidified to pH 2 with
HCl (37%). 15 ml of sample were then transferred into pre-
combusted glass vials of the TOC analyzer (MQ-1001). Deep
Ocean DOC samples (Hansell Laboratory, University of Miami)
were used as reference material.
Particulate nutrient analyses were measured in triplicates
using a method based on wavelength dispersive X-ray
fluorescence with a detection limit < 0.1 µg per filter (Paulino
et al., 2013) for particulate carbon C, nitrogen (N), and
phosphorus (P).
The filters for Chl a concentration stored at −80°C were added
to 10 ml methanol (Holm-Hansen and Riemann, 1978) and
stored overnight at 4°C. Methanol extracted samples were
transferred into pre-cleaned vials and maintained at room
temperature. Fluorescence of the sample was measured against
methanol blanks with recently calibrated Turner Design
fluorometer at 440 nm before and after adding two drops of
5% HCl (Holm-Hansen et al., 1965). Final concentrations were
determined using a calibration curve of Chl a standards.
Quantification of dissolved methane in seawater samples was
conducted on-board using headspace gas chromatography
(ThermoScientific, GC Trace 1310, FID detector, MSieve 5A
column). 5 ml from the 120 ml (1250 ml for low concentration
surface waters) sample bottles was replaced with high purity
nitrogen and allowed to equilibrate at least for 24 hours. For
Headspace GC measurement hydrogen was used as a carrier gas
and oven temperature was set to 150°C (isothermal). 500 µl
headspace was injected with a gas-tight syringe resulting in a
detection limit of 1 ppm and 5% standard deviation. Dissolved
methane concentration (nmol/L) was calculated using previously
published solubility coefficients (Wiesenburg and Guinasso,
1979). Reproducibility of measurements was controlled with
2 ppm and 100 ppm methane containing air standards.
MOx rates was quantified by tritium labelled incubations
(Niemann et al., 2015; Steinle et al., 2015) with modifications
as described in Ferré et al. (2020). Briefly, hexaplicates of seawater
samples were amended with trace amounts of 3H-methane (10 μl
gaseous C3H4/N2, ∼25 kBq, <50 pmol CH4, American
Radiolabeled Chemicals, United States) and incubated for
72 hours at in situ temperature in the dark. After following the
procedure described in aforementioned publications, MOx rates
were calculated from the fractional tracer turnover and in situ
methane concentrations assuming first order reaction kinetics
(Valentine et al., 2001; Reeburgh, 2007). All incubations were
corrected for (insubstantial) tracer turnover in killed controls
(Steinle et al., 2015).
Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometry Analysis
and Molecular Formula Assignments
DOM mass spectra were obtained with a custom-built 9.4 T
Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR MS) instrument (National High Magnetic Field
Laboratory [NHMFL], Tallahassee, Florida, United States).
Mass spectra were generated in positive and negative ion
electrospray ionization (ESI) mode with the following settings:
flow rate 0.5 µL/min, needle voltage ± 2.5 kV, tube lens ± 250 V,
heated metal capillary operated at 11.2 W, octopole frequency
2 MHz, frequency sweep rate of 50 Hz/ls and temperature 21.7°C.
To generate mass spectra, 50 scans (time domain acquisitions)
were co-added for each sample, Hanning apodized, and zero-
filled once before fast Fourier transformation and magnitude
calculation (Marshall and Verdun, 1990). NHMFL software was
used to calibrate the data and generate peak lists for each sample
prior to molecular formula assignment. Peak lists were generated
with a signal to noise ratio threshold of 6x the baseline root mean
square noise and internally calibrated with commonly known
DOM methylene (-CH2) compounds spanning across the
200–900 Da mass spectral range. DOM molecular
compositions were assigned by PetroOrg (Corilo, 2014).
Molecular formula assignments included all possible naturally






Formula confirmation was based on individual monoisotopic
mass spectral peaks, error < 1 ppm, and homologous series
inclusion, as has been conducted previously for manual
composition assignments (D’Andrilli et al., 2015). Sodium and
chlorine adducts were also considered during the molecular
formula assignment procedure for positive and negative mode,
respectively. Assigned molecular formulas were generated for
each sample as negative and positive mode except samples PKF-1
at 195 m and SP-1 at 344 m which could not be calibrated in
positive mode with acceptable error (<1 ppm). Positive and
negative molecular assignments per sample were combined to
analyze DOM composition and chemical characterization. For
each sample containing duplicate molecular formulas in positive
and negative mode, one was discarded from further analysis.
Chemical characterizations for the combined positive and
negative formula lists of each sample were conducted to get
percentages of 1) atomic heterogeneous contents – CHO,
CHNO, CHOS, CHNOS – and 2) H:C and O:C atomic ratios
and ranges on van Krevelen diagrams (Kim et al., 2003). Based on
the elemental compositions of major biochemical compound
groups, specific H:C and O:C ratio ranges were related to four
compound classes: 1) lipid- & protein-like (LPD), 2) amino sugar-
& carbohydrate-like (CAR), 3) unsaturated hydrocarbon- and
condensed aromatic-like (UHC), and 4) lignin- & tannin-like
(LGN), whose boundaries were obtained from Hockaday et al.
(2009) and Hodgkins et al. (2016) (Supplementary Table S1).
Samples were also interpreted by the percentages of the formulas
above the molecular lability boundary (MLBL; H:C ≥ 1.5) to
compare more bioavailable DOM composition with less
bioavailable material across all samples (D’Andrilli et al., 2015).
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The aromaticity (or the aromatic fraction) of the samples were
calculated using the equation given in Hockaday et al. (2009).
Statistical Analyses
Statistical analyses and data visualization were performed using R
(R Core Team, 2018) with built-in functions and external
packages: Vegan (Oksanen et al., 2018), FactoMineR (Lê et al.,
2008), MASS (Venables and Ripley, 2002), and indicspecies (De
Cáceres and Legendre, 2009).
Principal component analysis was applied on measured
environmental variables to obtain multiple correlation between
samples and variables.
Chemical diversity of the DOM molecular formulas for each
sample was calculated by the ‘diversity’ function in R, which is
analogue to biodiversity in ecology, i.e., the Shannon-Weaver




where P is the relative abundance of formula i.
Non-metricmultidimensional scaling (NMDS) analysiswas applied
in three steps on the molecular formula lists to determine the variation
of DOM between samples. First, a presence/absence matrix was
constructed (samples on rows and formulas on columns). Second, a
dissimilarity matrix was calculated based on Jaccard formulation
(Jaccard, 1912) on binary (0 or 1) data (e.g., [A + B-2*J]/[A + B-J]
whereA andB are number of formulas in two compared samples and J
is the number of formulas that is common in both samples (Oksanen
et al., 2018). Third, anNMDS ordination plot was depicted on two sets
of scores in which the separation between the samples was largest.
Distribution on the biplot states that closer samples are likely to be
more similar than the ones further apart.
Permutational multivariate analysis of variance
(PERMANOVA) was calculated on Jaccard distance matrices by
using the ‘adonis’ function in the Vegan package in R (Oksanen
et al., 2018). PERMANOVA was used to interpret how DOM
compositions were influenced by categorical variables such as
regional distribution, water masses and seep/non-seep association.
Indicator value indices (IndVal) of all detected formulas were
calculated following a method developed by De Cáceres and
Legendre (2009). IndVal is a product of two quantities (A: group
specificity; B: group fidelity) that allow to define lists of formulas that
associated to the predefined groups of sites. Statistical significance
(p) of the group association were then tested by permutation test
against the null hypothesis that a formula is not more frequently
found at a group of sites than at sites not belonging to that group
(De Cáceres and Legendre, 2009). A threshold of IndVal ≥ 0.7 and
p ≤ 0.01 were taken under 1000 permutations for group association.
RESULTS
Distribution of Water Masses and
Environmental Variables
The studied sites were characterized by five main water masses
(Figure 2). Three of them were classified within the window of σt
density 27.70 and 27.97 kg/m3 (Rudels et al. 2000), with the
temperature ranges of > 2°C (Atlantic Water; AW), 0–2°C
(Modified Atlantic Water; MAW) and < 0°C (Arctic Water;
ArW). Waters with σt ≤ 27.70 kg/m3 were considered as
surface water (SW) with a wide range of temperature and
salinity. Waters that have σt > 27.97 kg/m3 were classified as
Arctic deep water (DW). DW reveals two distinct influences
depending on the site location (lower right corner in Figure 2). At
VR and YP stations the water column was composed of DW that
has formed in the polar region and sank below the AW layer. At
the lower part of the SP, on the other hand, DWwas characterized
by higher salinity which were formed in Storfjorden and sank
underneath the MAW layer at the southern tip of Spitsbergen
(Quadfasel et al., 1988; Loeng, 1991; Fer et al., 2003; Skogseth
et al., 2005).
The water column profiles were depicted in Figure 3 by a
selected station from each region that represents typical
biogeochemical features. As is shown in the figure, the water
column was well-mixed at the shallow stations in the PKF, where
AW was the dominant water mass with temperature 2°C and
salinity 34.9 throughout the water column (Figure 3A). Vertical
profiles exhibited clear site-specific patterns for temperature,
salinity and density (Figure 3A). At VR and YP, AW
occupied the 300–350 m upper layer (Figure 3A). Underneath,
the temperature decreased to 0°C with a strong thermocline and
MAW extended to the depth of 500 m in YP and 600 m in VR.
Underneath MAW, DW displayed a uniform salinity profile
(∼34.85) with 0 to −1°C temperature range. Temperature and
salinity profiles were distinct in SS and SP despite their proximity
(∼30 km). SS was fully occupied with AW (4.3°C, ∼35 salinity)
from the surface down to 150 m; at greater depth, temperature
FIGURE 2 | Water mass definitions on temperature vs. salinity diagram
from the CTD profiles. 27.70–27.97 kg/m3 σt isoclines separate Surface water
(SW) and Deep Water (DW) and 0–2°C horizontal temperature lines separate
Atlantic Water (AW) and Arctic Water (ArW) from Modified Atlantic Water
(MAW). Colored data points indicate the sample data for each region listed in
Table 1.
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decreased slightly to 2°C at the bottom (Figure 3A). Three
distinct layers were characterized at SP: a cold, fresh surface
layer at the top 20–30 m, a warm and saline AW layer from 30 to
300 m, and cold and saline DW from 300 m to the bottom
(Figure 3A). At the OB site strong Arctic influence was
prominent with a two-layered structure, consisting of SW (top
20 m) above a sharp pycnocline and ArW from 30 m to the
bottom at ∼150 m (Figure 3A).
Chl fluorescence did not exhibit any clear peak and were
around zero in the water column for May 2017 (CAGE-17-1
FIGURE 3 | Depth profiles of selected stations. Each row of profiles represents the typical features from regions listed in Table 1. Abbreviations are PC, PN, PP,
particulate carbon, nitrogen and phosphorus; DOC, DON, DOP, dissolved organic carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; D, density; T,
temperature; S, salinity; Chl Fluo., Chlorophyll fluorescence; Mox, methane oxidation.
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cruise) whereas distinct maxima were detected at SP and OB at
40 m depth in late June (CAGE-17-2 cruise) (Figure 3B). This
difference in Chl fluorescence signal between the cruises was also
detected in surface Chl a concentration averages retrieved from
satellite data (Supplementary Figure S1). To depict a relative
distribution of oxygen more accurately, dissolved oxygen
concentrations were converted into oxygen saturation assuming
that 100% saturation at 1 atm and 4°C corresponds to 10.92 mg/L.
Oxygen saturation varied in 92–102% range within AW that
occupied PKF and upper layers of VR, YP, and SS and
uniformly decreased to 80–85% at the bottom in DW. Along
with the peaks in Chl fluorescence signal, oxygen saturation
increased up to 110–125% at the upper layers of OB and SP
and dropped back to 85–90% in ArW at the bottom layers
(Figure 3B). Turbidity was elevated at the bottom of the water
column at all stations and its profiles were analogous to the
fluorescence profiles at the upper layers (Figure 3B).
Chl a concentrations ranged from 0.00 to 5.75 µg/L (average
0.75 µg/L) (Supplementary Table S2) with the highest
concentration in SP corresponding with the CTD Chl
fluorescence peak at 40 m at this site (Figure 3C). Particulate
matter concentrations were always in line with the Chl a
concentrations (Figure 3C). Maximum concentrations were
measured at SP-1 (28 m) for particulate C (35.64 µM) and
particulate N (1.93 µM) and in PKF for particulate P
(0.21 µM). Chl a vs particulate C, N and P displayed positive
linear correlations in all samples (r  0.93, 0.84, and 0.76,
respectively, p < 0.001) (Figures 4C–E).
Maximum dissolved nutrient concentrations were detected in
the DW layer (<800 m; 15.3 µM, 1.00 µM, and 13.0 µM for
nitrate, phosphate, and silicate respectively) implying a marked
regeneration at depth (Figure 3D). We found lowest
concentrations at the OB surface likely due to the dilution by
sea-ice meltwaters and earlier surface bloom (Figure 3D). Here,
concentrations dropped to 0.19 µM, 0.05 µM, and 0.54 µM for
nitrate, phosphate, and silicate, respectively (Supplementary
Table S2). Ammonium concentrations varied in a narrow
range from 0.04 µM to 2.08 µM in all samples (Supplementary
Table S2) except the maximum value (6.21 µM)measured at SP-1
(28 m). DIN and phosphate ratios were close to the Redfield ratio
(1958) (ratio of carbon: nitrogen: phosphorus as 106:16:1 often
found in marine phytoplankton soft tissue) in all samples
(Figure 4). DIN to silicate ratio however, was higher than one
in most of the samples.
Our measurements showed that the variation of DOC, DON,
and DOP was low comparing all sites (Figure 3E and
Supplementary Table S2). The DOC concentration range was
from 26.9 to 104.0 µM however, 80% of the measurements were
between 40 and 80 µM. The highest DOC concentration was
measured at the surface layer (0–5 m) of PKF and the minimum
concentration was at the surface of the OB. Similar vertical
profiles were observed for DON and DOP concentrations with
ranges of 0.00–7.43 µM and 0.00–0.60 µM, respectively
(Supplementary Table S2). On average, DON and DOP
contributed 39% and 20% of the total dissolved nitrogen and
phosphorus pool, respectively, and highest contributions were
measured for OB surface water.
Methane concentrations were often elevated in the vicinity of
seeps (Figure 3F and Supplementary Figure S2). Dissolved
methane resulted in high concentrations in the bottom waters
and decreased rapidly to atmospheric equilibrium levels except at
PKF (Figure 3F). Here, numerous seeps were located in shallow
waters and methane concentrations were ∼five times higher at the
surface (14.9 nM) compared to the atmospheric equilibrium
(3.2 nM at 34.8 psu and 6°C; (Wiesenburg and Guinasso,
1979)). The highest methane concentration (263 nM) was
FIGURE 4 | Individual relationships between biogeochemical parameters. The black lines show local polynomial regressions between the variables. Redfield ratios
are provided in red at the top panel. The relationship between methane and methane oxidation rates (MOx) and corresponding linear regression lines are provided in
black and red corresponding to Prins Karl Forland (PKF) and Storfjordrenna Pingos (SP). Error bars represent standard deviation of MOx measurements. Abbreviations
are PC, PN, PP, particulate carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; Chl-a, Chlorophyll a.
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measured at the bottom of SS-2 (Figure 3F). Average methane
concentrations for all stations were 63 nM (bottom), 39 nM (25 m
above seafloor) and 9 nM (5 m below surface).
WemeasuredMOx rates at 96 sampling points at PKF, SP, and
OB (Supplementarys Table S2 and Figure S2A). Average MOx
rates were almost 10 times higher at SP (0.31 nM/day) compared
to PKF (0.04 nM/day) and there was no detectable MOx activity
at OB (Figure 3 and Supplementary Figure S2B). MOx rates
were positively correlated with the methane concentrations in
PKF (correlation coefficient r  0.91, p < 0.001, number of sub-
samples n  64) and SP (r  0.94, p < 0.001, n  32) separately and
showed two different responses (Figure 4H).
A principal component analysis of the biochemical parameters
displayed a correspondence with the water mass characteristics of
the samples within the first two principal components (PC) as 36.9
and 21.7% variance explained, respectively (Figure 5). Primary
production related parameters (Chl a, particulate C, N, P, Chl
fluorescence, ammonium) and dissolved nutrients were the main
components on the PC-1 which partially represent the separation
between DW and AW, whereas SW largely represented by DON,
DOP and oxygen concentrations on the PC-2 axis (Figure 5).
Dissolved Organic Matter Molecular
Composition
From all the sampling sites, 19,641 distinct formulas were
obtained after removing the duplicate formulas in positive and
negative mode ESI samples with the molecular mass range of 211
to 989 Da (Figure 6A). From all assigned formulas, 6,947and
2,356 were unique to seep and non-seep samples respectively
(Figure 6B), and 10,338 formulas were found in both
(Figure 6C). All assigned elemental composition varied in the
range of C7-75H6-74N0-2O1-25S0-1 with the percentages of 41%
CHO, 39% CHNO, 13% CHNOS, 7% CHOS for seep and 41%
CHO, 36% CHNO, 15% CHNOS, 8% CHOS for non-seep
samples. Using our modified characterization classification
criteria based on H:C and O:C groupings on van Krevelen
diagrams, molecular formulas averaged 74% LGN, 8% UHC,
14% LPD, 4% CAR for seep and 76% LGN, 9% UHC, 11% LPD,
4% CAR for non-seep chemical species (Figure 6B).
IndVal analysis for seep versus non-seep comparisons of all
molecular formulas determined that 922 and 129 formulas were
associated with the seep and non-seep samples respectively
(Figure 6D). That is, the formulas that are more frequently
observed in a compound class group (Supplementary Table
S1) considered as associated. Given that, seep associated
formulas (IndVal ≥ 0.7; p ≤ 0.01) were composed of 72%
LGN, 23% LPD, and 5% UHC. Non-seep associated formulas
(IndVal ≥ 0.7; p ≤ 0.01) were predominantly composed of LGN
(52%), UHC (43%), and only 6 formulas were assigned CAR (5%)
chemical species (Figure 6D).
The number of formulas in seep and non-seep samples ranged
from 3,211 to 9,534 and from 3,120 to 6,815 respectively
(Figure 7A). The lowest number of formulas were obtained in
the PKF-7 (non-seep) and the highest number of formulas were
obtained in PKF-3 (seep) (Figure 7A). Samples on the seepage
sites of PKF and SS were higher inMLBL (18 to 27%) compared to
the other samples and had characteristically higher LPD chemical
species (12 to 21%) (Figures 7B,C). CAR and UHC contents were
highest in non-seep PKF-7 station (8%) and YP station (14%)
comparatively and the greatest percentages of LGN (82%) were
observed in OB-1 station (Figures 7D–F).
Percentages in CHO and CHOS based formulas were varied in
a range from 34 to 49% and 3 to 12%, respectively except the YP
bottom sample in which CHOS composition percent was 25%
(Figures 7G–I and Supplementary Figure S2). CHON
composition percentages were highest in the PKF and SS seep
stations (35 to 43%). CHONS composition percentages were
highest (23%) in non-seep PKF-7 station (Figure 7J).
NMDS analysis from Jaccard distances based on DOM
composition revealed a high level of association at two
dimensions (stress  0.12). Samples from the same site/station
displayed similar DOM composition (Figure 8). PERMANOVA
test on Jaccard distances revealed that DOM compositions were
most significantly (p < 0.001) associated with station (coefficient
of determination R2  0.59), site (R2  0.35) and seep influence
(R2  0.17). Environmental variables that showed linear
correlation to NMDS ordination scores were temperature,
salinity, density, oxygen (p < 0.001), methane (p < 0.019), and
DOC concentrations (p < 0.028). NMDS scores displayed
significant correlations with chemical diversity, number of
formulas, heteroatomic compositions and molecular species
compositions of the samples (p < 0.001). The most variable
DOM composition was found at the PKF seep sites explained
by number of formulae and chemical diversity. NMDS biplot
revealed that DOM composition of PKF seep samples displayed
FIGURE 5 | Principle Component Analysis biplot of the biochemical
parameters. The explained variances are provided on the x- and y-axis in
parentheses. Coloured ellipses represent 95% confidence interval for water
mass group centroids of Surface water (SW), Deep Water (DW), Atlantic
Water (AW), and Arctic Water (ArW). Centroids are represented by open
square symbols. Abbreviations are PC, PN, PP, particulate carbon, nitrogen
and phosphorus; DIN, dissolved inorganic nitrogen; DOC, DON, DOP,
dissolved organic carbon, nitrogen and phosphorus; Chl-a, Chlorophyll a.
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positive correlation with the percentages of MLBL, LPD, and
CHON compositions (Student’s t-test, p < 0.01) and OB samples
were associated with higher aromaticity, LGN, and CHOS
composition (Student’s t-test, p < 0.01) (Figure 8).
DISCUSSION
Oceanographic Characteristics of the Study
Sites
As the main driver of the hydrography, the West Spitsbergen
Current (WSC) brings AWwhich gradually mixes with the locally
formed cold fjord and shelf waters over theWest Spitsbergen Shelf
and the Arctic waters in Storfjordrenna and Barents Sea (Loeng,
1991; Harris et al., 1998). Therefore, the water column mainly
comprises AW in PKF, VR, YP, SS, and SP sites (Figure 2). DW
was dominant in the bottom part of YP, VR, SS, and SP (Figure 3).
OB was the only region that was fully occupied by ArW. SW was
present in all regions, except at PKF where the well-mixed water
column was entirely occupied by AW.
Nutrients and Chl a concentrations were consistent with
previous observations in the study sites (Hodal et al., 2012;
Tremblay et al., 2015; Randelhoff et al., 2018). Higher nitrate/
silicate ratios were apparent in AW (Figure 4B) implying earlier
diatom uptake based on 1/1 demand on nitrate and silicate (Erga
et al., 2014). Nevertheless, AW seems to be the main source of
nutrients in virtue of higher average concentrations and well-
developed Chl a sub-surface maxima in the stratified SP region.
Ratio of particulate C/N/P – 83/7.6/1 Figures 4A–D in
comparison to 106/16/1 - C/N/P Redfield ratio (Redfield,
1958) implies that the nitrogen was the limiting factor on
primary production. Yet, the elevation of Chl a and the
depletion of nitrate were associated with the increase in
ammonia presumably by remineralisation and restored DIN/
phosphate ratio back to the Redfield ratio of 16 (Figure 4A).
This is also in agreement with the previous findings (Olsen et al.
2003) that defines depletion of nitrate as an indicator of blooms in
AW, whereas phosphate and silicate ranges in similar pattern of
variability.
Silicate demanding diatoms are the dominant producer in the
upper layer of the ArW during the retraction of sea-ice and
gradually sink to the deeper layers (Loeng and Drinkwater, 2007).
Accordingly, minimum levels of nitrate/silicate ratios were found
in ArW as average 2.57 ± 0.7 with depleted surface nutrients
indicating a diatom bloom prior to sampling. As the Chl
fluorescence peak at 40 m at OB indicates (Figure 3B), the
active community of diatoms might have moved along the
nitricline in late June.
Bulk concentrations of the dissolved organic matter (DOC,
DON, DOP) did not indicate any distinct trend within the studied
samples (Figure 3E). High percentages of LPD content and N-
containing formulas at PKF were not directly correlated with the
FIGURE 6 | (A) All assigned dissolved organic matter formulas in all samples (B) unique molecular formulas that are found in seep (grey) and non-seep (orange)
samples (C) molecular formulas commonly found in seep and non-seep samples (D) Seep versus non-seep associated formulas based on comparisons by IndVal
analysis (IndVal ≥ 0.7; p ≤ 0.01). Each point in the diagrams represents a single formula assigned from one resolved mass spectral peak. Note: these van Krevelen
diagrams contain molecular formulas from combined positive and negative mode ESI FT-ICRMS assignments. Abbreviations are LPD, lipid- and protein-like; CAR,
carbohydrate-like; LGN, lignin- &tannin-like; UHC, unsaturated hydrocarbon- &condensed aromatic-like; O:C, oxygen to carbon ratio; H:C, hydrogen to carbon ratio.
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bulk DON concentrations. As a proxy to primary production, Chl
a concentrations did not show any detectable correlation with the
DOM compositions. Chl peaks at SP and the previous diatom
bloom at OB were not linked with any unique DOM composition.
A similar DOM molecular composition can arise from many
biotic processes and these findings may be due to the
simultaneous bacterial consumption that follows bio-labile,
autochthonous production of DOM. This result is consistent
with the previous observation by Osterholz et al. (2014) in Arctic
fjords which suggested rapid transformation of DOM by the
microbial community without any detectable imprint in neither
DOM compositions nor bulk concentrations.
FIGURE 7 | Dissolved organic matter composition data determined by ESI FT-ICR MS organized by sampling stations shown as boxplots for (A) number of
molecular formulas, (B) percentages of chemical lability (MLBL;; D’Andrilli et al., 2015) (C–F) chemical groups based on modified regions of characterization classes on
van Krevelen diagrams (Figure 2), and (G–J) and heteroatomic content. Seep and non-seep stations are colored by grey and orange, respectively. Stations are
abbreviated as given in Table 1.
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Effect of Hydrography on Methane
Concentrations and Methane Oxidation
Distributions
Spatial and temporal variability of MOx was shown to be high on
the continental margin of Svalbard and at PKF in previous studies
where MOx rates were reported between 0.001 and up to 3.2 nM/
day (Steinle et al., 2015; Ferré et al., 2020). Our MOx rates from
the PKF site (max 0.23 nM/day) were low compared to overall
ranges (Supplementary Table S2). Rather than elevated methane
concentrations, which were not entirely related to high MOx
rates, the size of a MOB community may be the more relevant
factor of an active MOB community (Steinle et al., 2015).
Moreover, the succession of MOB communities depends
largely on circulation patterns and water column hydrography
(Steinle et al., 2015; Silyakova et al., 2020). In accordance with
this, we observed in our study site-specific positive correlations
between methane concentrations and MOx rates at PKF and SP
(Figure 4H). MOx was 10 times more efficient at SP (rate
constant kMOx  6 × 10−3 day−1) than in PKF (kMOx  6 ×
10−4 ay−1), presumably due to the difference in the hydrography
or the size of methanotrophic community. At SP, a well-defined
pycnocline (Figure 4A SP-3 panel) hindered the transport of gas
bubbles to upper layers (Damm et al., 2005; Damm et al., 2008;
Gentz et al., 2014; Jansson et al., 2019) whereas the vertical
transport of methane was easier in uniform and shallow water
column at PKF (Figure 4A PKF-2 panel).
Notably, water column stratification and the size of the MOB
were possibly not the only parameters affecting MOB efficiency.
SinceMOx activity was rapidly exhausted at the bottom of SP well
before reaching the pycnocline (∼100 m above bottom; Figure 3F
SP-3 panel). Water mass distribution and current regimes were
different between sites. DW occupied the bottom of SP, whereas
PKF was entirely composed of AW (Figure 3A). As previously
reported, PKF is influenced by WSC with a strong monthly mean
current velocity of 0.2 m/s (von Appen et al., 2016) continuously
transporting MOB populations northwards out of the PKF area
(Graves et al., 2015; Steinle et al., 2015). In contrast, the mean
geostrophic velocity at SP is in the range of 0.02–0.07 m/s
(Skogseth et al., 2005; Skogseth et al., 2007). Longer residence
times possibly facilitates MOB to metabolize methane more
efficiently, therefore higher MOx rates were observed at SP
(Figure 3F). MOx was undetected in OB even above the seeps
with high methane concentrations (Figure 3F) indicating that a
substantial active population ofMOB in OBwas not present (note
that we did not determine MOB community sizes in our survey).
Evaluation of Dissolved Organic Matter
Compositions
Analysis of DOM with ESI FT-ICR MS provides a qualitative
assessment of molecular-level elemental composition linked to
the ionization efficiency of polar constituents of the sample and
experimental settings. Using ESI FT-ICR MS, we determined
chemical composition, interpreted chemical characteristics, and
evaluated the presence or absence of molecular formulas to
qualitatively understand DOM composition in the water
column at the different sampling sites.
DOM molecular composition patterns were consistent with
those of previous reports (Hertkorn et al., 2013; Osterholz et al.,
2014; D’Andrilli et al., 2015; Kujawinski et al., 2016), having
characteristically large percentages of LGN compounds (68–82%,
Figures 6, 7E). Although the FT-ICR MS instrument does not
generate structural DOM data, naturally occurring chemical
possibilities of CHNOS molecular formula indicate the potential
for polycarboxylated substances such as lignins, tannins, terpenes,
and carboxyl-rich alicyclic molecules (CRAM) that share similar
structural information with a wide range of eukaryotic and
prokaryotic membrane constituents and secondary metabolites
(Hertkorn et al., 2006). These groups of chemical species are
derived from decades of accumulated microbial degradation
products which ultimately lead to similar compositional patterns
in many marine environments (Koch et al., 2005).
Formulas interpreted as LPD and CAR (12 to 27%, Figures 6,
7B–D) with more hydrogen saturation (H:C ≥ 1.5) are considered
to comprise of bio-labile species (D’Andrilli et al., 2015) and likely
indicate recent autochthonous microbial production (hours to
days). Bio-labile DOM is considered to be most energetically
favorable for microbial uptake or for extracellular degradation
(Koch et al., 2014; Carlson and Hansell, 2015) and therefore its
chemical composition provides insight about the potential
biological patterns of seep versus non-seep sites. Accordingly,
LPD chemical species were found with greater atomic
heterogeneity in seep sites (Figures 7G–J) indicating higher
FIGURE 8 | Non-metric multidimensional scaling (NMDS) biplot of
Jaccard distances from the presence/absence matrix of dissolved organic
matter molecular formula compositions containing CcHhNnOoSs by ESI FT-
ICR MS. Samples are coded by colour and shape for site and seepage
influence, respectively. Arrow vectors represent environmental variables
(oxygen, DOC, temperature, salinity, and methane concentration), numerical
observations (number of formulas, chemical diversity, aromaticity (Hockaday
et al., 2009)) and molecular percentages (CHOS, CHON, CHONS, LPD, LGN,
CAR, MLBL,) that show significant correlation (p < 0.05) with the NMDS
scores. Coloured ellipses represent 95% confidence interval of the group
centroids. Abbreviations are LPD, lipid- and protein-like; CAR, carbohydrate-
like; LGN, lignin-&tannin-like; UHC, unsaturated hydrocarbon- &condensed
aromatic-like; DOC, dissolved organic carbon; MLBL, percentages of
formulas above the molecular lability boundary (D’Andrilli et al. 2015).
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potential for seep-driven microbial activity (Kujawinski, 2011;
D’Andrilli et al., 2019).
Three to 14% of the formulas were interpreted as UHC in all
samples and similarly represented in seep and non-seep stations
(Figure 7F). DOM of this type is most likely generated by legacy
sinking of refractory materials (from a microbial perspective),
undergoing no further biological degradation, e.g., the end-
products of biomass combustion or petrogenic/pyrogenic
origin, which were thermally fused in the deep layers of
sediment and mechanically brought up into the water column
by bubbles and seeping fluids.
All DOM sample molecular compositions were predominantly
grouped by site and seep influence (Figure 8). The largest
dissimilarity in molecular composition was between the PKF-S
(seep stations in PKF) and PKF-NS (non-seep stations in PKF) sites
across NMDS-1 axis which correlated with the number of formulas,
N-containing composition (see Figure 7H) and chemical diversity
(Figure 8). On the diagonal axis between NMDS-1 and NMDS-2,
OB DOM composition grouped separately with explained
differences positively correlating with the aromaticity, oxygen,
CHOS content, and LGN composition. That diagonal axis also
implies the correlation ofMLBL and LPD compositionwith the seep
samples in PKF and SS. Therefore, we relate higher number of
molecular formulas, chemical diversity, CHON composition, and
LPD chemical species to unique DOM production at the seep sites.
This pattern was most pronounced at PKF-S possibly due to
prevalent seepage activity combined with strong ventilation at
the shallow water column. We observed a similar pattern also at
SS-2 where DOM composition displayed considerably high
percentages of bio-labile nature (LPD) compared to the non-
seep station SS-1 (Figure 7C). This provides evidence that seep-
related microbial processes may have a significant influence on
DOM composition with more bio-labile and nitrogen composition.
We suggest that the combination of positive and negative
mode ESI contributed greatly to identifying distinct DOM
molecular formulas at seep and non-seep sites. CHO and
CHON chemical species were more efficiently ionized in
positive ESI (Supplementary Figure S5) and provided a more
comprehensive analysis of the DOM composition of all samples.
Negative ESI is more frequently used in marine DOM research
due to its better ionization efficiency of acidic and carboxylic
compounds (Sleighter and Hatcher, 2007). However, more
information about the polar fraction of marine DOM as well
as other natural environments is gained by combining positive
and negative ESI FT-ICR MS data sets (Hertkorn et al., 2013;
Ohno et al., 2016).
In addition, positive ESI FT-ICR MS also detected unique
CHOS composition near the bottom of the YP station
(Supplementary Figure S4). These chemical species can be
considered as ‘black sulphur’ due to compositional similarity
with black carbon and black nitrogen in the condensed aromatics
region of the van Krevelen diagram having large hydrogen
deficiency and limited oxygenation (Hertkorn et al., 2013;
Hertkorn et al., 2016). Although the origin of these chemical
species is not known, high sulfur content suggests that anoxic
sedimentary microbial processes may play a role in their
production.
Do Cold Seeps Alter Dissolved Organic
Matter Composition?
Cold seeps in the Arctic Ocean originate from a variety of sources
and geochemical mechanisms (Bünz et al., 2012; Sahling et al., 2014;
Serov et al., 2015; Andreassen et al., 2017; Panieri et al., 2017).
Seeping fluids consist of predominantly methane (99.7–99.9%), yet
other hydrocarbons and sulphurous compounds may also migrate
with seeping fluids and methane, all of which provide a source for
chemosynthetic organisms (Levin, 2005; Vanreusel et al., 2009;
Panieri et al., 2017; Sen et al., 2018; Åström et al., 2018). Seeping
gases form bubbles and rise up through the water column
(Westbrook et al., 2009; Berndt et al., 2014). Along its trajectory
towards the upper layers, methane exchanges with more abundant
dissolved gases such as nitrogen, enriched in the surrounding water
and promotes MOx (James et al., 2016; Steinle et al., 2016; Jansson
et al., 2019). Hydroacoustic surveys demonstrated that seeps can
stay active for weeks to decades (Gentz et al., 2014; Veloso-Alarcón
et al., 2019) however, the fate of methane at active flares sites is
highly dependent on bubble size, salinity, and water velocity
(Jansson et al., 2019). Therefore, considering the effects of ocean
currents, upwelling, or redox changes, availability of methane for
MOB can be sporadic and the potential ratesmay not bemaintained
persistently (Reeburgh, 2007; Mau et al., 2013; Steinle et al., 2015;
Steinle et al., 2016; Steinle et al., 2017). For this reason, seep
influence on DOM composition was not always directly linked
to methane concentration, and seep versus non-seep definition was
solely based on echosounder data. Since MOx is the main removal
mechanism of dissolved methane in the water column, low
concentration of methane at seep stations (e.g., VR) may
indicate efficient microbial filtering which eliminates methane
simultaneous to its dispersion. Oppositely, high concentration of
methane at non-seep stations (e.g., SP-3, PKF-5, and PKF-6; see
Supplementary Figure S2A) may indicate inefficiency of MOx or
advection of MOB by currents.
We found a significant correlation between seep activity and
DOM composition in terms of its bio-lability, chemical diversity,
number of formulas and LPD as well as CHON formula contents
(Figures 7, 8). Naturally, MOx is a likely mechanism driving
variation in DOM compositions at seep and non-seep stations.
However, correlation between seep activity and DOM composition
was not observed directly byMOx rates or methane concentrations
(Supplementary Figure S2). For instance, despite the differences
in DOM compositions, non-seep stations in PKF and SP had
similar ranges of MOx rates with the seep stations in the same sites
(Supplementary Figure S2B). One possible explanation may be
the dynamic hydrography and consequent elimination of MOx in
the region (Steinle et al., 2015). All observed ranges of methane
concentrations and MOx rates were low during our survey
compared to the results reported at Berndt et al. (2014) and
Steinle et al. (2015) and slightly higher than Ferré et al. (2020).
However, it is possible that distinct DOM composition associated
with MOx activity would persist even if MOB communities
diminished, MOx rates decreased, and lower concentrations of
methane were measured. In effect, this may lead to a “legacy”
fingerprint of methane-influenced DOM composition in the water
column, which may be considerably diverse. Therefore, we
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attribute the largest variety of DOM compositions for seep vs. non-
seep comparisons to a multitude of biogeochemical factors rather
than one driving variable such as MOx rates or methane
concentration. This effect was most noticeable at PKF where the
contrast in seepage activity (number of active seeps; see Figure 1)
and DOM composition was highly variable from seep to non-seep
locations.
Although we hypothesised that MOx would be the main cause
of the compositional differences of DOM in seep sites to non-seep
sites, other mechanisms may contribute to DOM signatures such
as seep-driven primary production. Pohlman et al. (2017) showed
that the carbon dioxide uptake rate was two times higher at the
seep site of PKF than at the non-seep coastal site. They suggested
that stimulation of primary production and consequent decrease
of the carbon dioxide level were enhanced with the contribution
of methane-enriched bottom waters. The compositional
differences we observed might support this hypothesis since
more bio-labile and heterogeneous composition may be an
indication of fresh primary production at the seep site.
However, similar to the MOx rates and methane
concentrations, Chl a concentration, Chl fluorescence, or
nutrient concentrations did not display any noticeable trend
from seep to non-seep sites (Supplementary Figure S1).
Seeping DOM is another possible mechanism for the
compositional differences at seep and non-seep sites.
Sedimentary methanotrophic microbes are predominantly
anaerobic (Knittel and Boetius, 2009) and likely produce
chemical species, different from the metabolites released from
active MOB in the overlaying methane-rich water masses.
Sedimentary-derived metabolites reach the upper water layers
by ventilation due to the upstream of bubbles and vertical
mixing, thereby potentially modifying the DOM composition at
seep sites. Seeping DOM and consequent compositional
differences were previously shown in hydrothermal vents by
stable carbon isotope analyses, highlighting the role of crustal
microbial communities in DOM synthesis, strong enough to
change the compositional character of the overlying ocean
(McCarthy et al., 2011). Similarly, Pohlman et al., (2011)
showed the contribution of sedimentary DOC flux from
methane hydrate seeps to the deep seawater. However, both
studies indicated that carbon flux from the sediment was
14C-depleted, considerably aged (5,000 to 15,000 years) and
possibly consisting of recalcitrant nature which may be
contributing to the LGN chemical species observed at the seep sites.
Lastly, DOM composition may be affected by seep-driven
microbial modifications. For instance, continuous methane flow
from the seafloor might disturb higher trophic level organisms
which feed on DOM consumers and autochthonous DOM
producers enumerate rapidly above seeps. To our knowledge,
this theory has not been previously studied at seep sites. However,
in glucose augmented incubation experiments, Kujawinski et al.
(2016) showed that organisms larger than 1.0 µm dominantly
affected the bacterial diversity and the DOM composition in
seawater. They found that the DOM composition was comprised
of lipid- and peptide-like chemical species in <1.0 µm filtered
surface sea water during the nine days incubation. Unfortunately,
despite the number of studies on MOB taxonomy (Kalyuzhnaya
et al., 2019), DOM composition coupling with other microbes
and higher organisms remains unknown.
Overall, the mechanisms of different DOM compositions at
seep and non-seep sites are likely a combination of many factors.
MOx, seep fertilization, seep-driven microbial modifications, and
seeping of sedimentary DOM are identified here as possible
factors. DOM reflects a number of geochemical and molecular
processes on different timescales and potentially years of
aggregation whereas seep-driven processes are site specific and
may only persist on shorter timescales. Therefore, the
modification of DOM by seep-driven processes and relative
contribution on total water column biogeochemistry is difficult
to capture in situ when the other factors are not constrained.
Controlled experiments with constrained effects may target the
exact products more specifically.
SUMMARY AND CONCLUSION
Cold seeps are being studied intensively due to the possible
influence of escaping methane on atmospheric gas
compositions and consequent effect on global climate change.
Our investigation in the water column showed that the direct and
indirect impacts of seeping fluids are also evident for water
column biogeochemical concentrations and DOM
composition. Our findings at cold seeps of the continental
shelf of Svalbard and in the Barents Sea revealed that DOM
composition is associated with methane influenced water column
activity and spatial distribution of active seeps. DOM appeared
more bio-labile and had higher chemical diversity and LPD
composition at seeps compared to non-seep areas.
Compositional differences of DOM between seep and non-
seep sites might be related to a multitude of environmental
factors such as MOx, seep fertilization, seep-driven microbial
modifications, and seeping of sedimentary DOM. However, no
single process was identified as the sole mechanism for unique
DOM composition at these sites. DOM composition did not
directly correlate to Chl a, nutrient concentration, or water
temperature, but the hydrography and the nutrient
distributions confirmed the local influences of main water
masses and primary production cycles.
The underlying mechanisms of seep influence on DOM
compositions are yet to be elaborated in controlled laboratory
experiments. In order to link the production and consumption of
DOM composition to certain seep-specialized microbial groups,
incubation experiments with controlled variables (e.g., microbial
cultures, temperatures, methane and nutrient concentrations)
and further metabolomics analyses on microbe vs. DOM
interactions are needed. Expectedly, combinations of all
ongoing processes and co-occurring microbial consortia are
extremely complex and possibly hinder identifiable
interactions on DOM compositions, however in our study, we
showed that unique seep DOM compositions and character can
be identified. We recommend the analysis technique of ultrahigh
resolution mass spectrometry that we used for our analyses as a
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promising tool to decipher methane seep associated patterns at
the molecular level. Moreover, our combination of biological and
chemical techniques provided insight into methane-driven
biogeochemical DOM processes in the ocean water column.
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